S
tem cells migrate, colonize, and proliferate during development. Primordial germ cells (PGCs) are the founders of sperm or oocytes. PGCs arise in the root of the developing allantois, then enter into the hindgut endoderm, migrate through the mesentery of hindgut, and colonize the genital ridges in the mouse (1) . Cytokines play an important role in regulating these processes. The experiments using mutant mice with targeted gene disruption have revealed the essential roles of several cytokines in PGC development. Transforming growth factor ␤ superfamily proteins have been shown to be critical for the development of PGCs. Mice lacking bone morphogenetic protein-4 (BMP-4) contain no PGCs (2) , and mice lacking another transforming growth factor-␤ family member, BMP-8b, have severely reduced numbers of PGCs (3) , indicating that the initiation of PGC has been shown to depend on BMP-4 and -8. On the other hand, Sl͞Sl or W͞W mutant mice that lack the activities of stem cell factor or its receptor c-kit lack PGCs, and stem cell factor promotes the survival of PGCs in vitro, indicating that stem cell factor is essential for PGC survival during development (4-7). Analysis using We͞We mice has suggested that c-kit is involved in migration of PGCs through the mesentery of hindgut (8) . Despite these studies, the cytokines that are essential for colonization of the genital ridges by PGCs remain unclear.
Stromal cell-derived factor-1͞pre-B cell growth-stimulating factor͞CXC chemokine ligand 12 (SDF-1͞PBSF͞CXCL12) is a member of chemokines, a large family of structurally related chemoattractive cytokines, which act via a seven-transmembrane spanning G protein-coupled receptor (9) . SDF-1 was isolated from bone marrow stromal cells and first characterized as a pre-B cell growth-stimulating factor (10, 11) . CXCR4 has been shown to be a primary physiologic receptor for SDF-1 (12) (13) (14) (15) (16) (17) (18) and also function as an entry coreceptor for strains of HIV-1 (19) . Studies using mutant mice with targeted gene disruption have revealed that SDF-1 and CXCR4 are essential for B lymphocyte development, blood vessel formation in gastrointestinal tract, cardiac ventricular septum formation, neuron localization within cerebellum, and embryonic viability (15) (16) (17) (18) 20) . Of particular note, SDF-1 Ϫ/Ϫ or CXCR4 Ϫ/Ϫ embryos have much more impaired myelopoiesis in bone marrow compared with myelopoiesis in fetal liver, suggesting that SDF-1 and CXCR4 are involved in colonization of bone marrow by hematopoietic cells during embryogenesis (11, (15) (16) (17) (18) . Consistent with this, hematopoietic progenitors migrate in response to SDF-1 in vitro (21, 22) . These results prompt us to study the involvement of SDF-1 in colonization of the gonad by PGCs during development in which there is a dynamic movement of PGCs, using SDF-1 Ϫ/Ϫ or CXCR4 Ϫ/Ϫ mice. Here, we show that SDF-1 is not required for directed migration through tissues of embryos but instead is essential for the homing of PGCs into the genital ridges. Our results reveal the essential role for SDF-1 in the development of PGCs in mammals.
Materials and Methods
Mice. The generation of SDF-1
Ϫ/Ϫ mice has been described (15, 16) . Heterozygotes were backcrossed more than 10 times with C57BL͞6 mice. Oct-3͞4 GFP transgenic mice have been described (23) .
To generate the mice in which GFP gene was knocked into the SDF-1 locus (SDF-1͞GFP knock-in mice), exon 2 of the SDF-1 gene was replaced by GFP expression cassette by homologous recombination in embryonic stem cells (15) . Mutated embryonic stem colonies were used to produce mice hemizygous for the GFP insertion by blastocyst injection as described (15) . Mice hemizygous for the GFP insertion that have one functional SDF-1 allele are phenotypically normal and can be used for the analysis of SDF-1 expression.
Detecting and Counting PGCs. Alkaline phosphatase staining was performed as described (2) . Anti-4C9 antibody (a kind gift of T. Muramatsu, Nagoya University, Nagoya, Japan; ref. 24 ) was used to detect PGCs on Bouin-fixed paraffin sections (5 m thick). Sections were visualized using Vectastain ABC kit (Vector Laboratories) and diaminobenzidine-peroxidase solution. 4C9 ϩ cells were counted on each section.
BrdUrd Labeling, Immunohistochemical Staining, and Confocal Microscopy. Pregnant mice were injected intravenously with BrdUrd (100 mg͞kg of body weight) in saline. After 2 h, tissues were frozen in OCT compound (Tissue-Tek, Sakura Finetechnical, Tokyo) and cut into 10-m-thick sections. After fixation in 4% paraformaldehyde, sections were treated with 2 M HCl for 20 min at room temperature and permeabilized in PBS containing 0.3% Triton X-100. Sections were incubated with anti-4C9 and anti-BrdUrd antibodies (Dako) followed by FITC-conjugated anti-rat IgM (Cappel) and Alexa546-conjugated anti-mouse IgG (Molecular Probes). Then, sections were mounted with the Slowfade Antifade kit (Molecular Probes).
For detection of GFP, tissues from GFP͞SDF-1 knock-in embryos were dissected, fixed in 4% paraformaldehyde for overnight at 4°C, and directly observed. All confocal microscopy was carried out on an LSM 5 PASCAL (Zeiss).
Flow Cytometry Analysis. Male Oct-3͞4 GFP transgenic mice were mated with female mice of ICR. Genital ridges were incubated with collagenase (type I, Sigma; final concentration 0.12% vol͞vol) for 1 h at 37°C in PBS containing 10% FCS. Cells were dispersed, washed, and resuspended in DMEM containing 2% FCS. Cells were stained with biotinylated anti-CXCR4 (2B11) or isotype control IgG2b (A95-1) followed by allophycocyaninconjugated streptavidin. All antibodies and reagents were purchased from PharMingen. Flow cytometry was performed with FACSCalibur and analyzed with CELLQUEST software (Becton Dickinson).
RT-PCR.
Total RNA was isolated from sorted GFP ϩ PGCs in Oct-3͞4 GFP transgenic mice, treated with DNase I, and reverse-transcribed. cDNA was amplified by PCR using genespecific primers. PCR primers are 5Ј-taggatcttcctgcccaccat-3Ј (sense) and 5Ј-tgaccaggatcaccaatcca-3Ј (antisense) for CXCR4 and 5Ј-cctgctggattacattaaagcactg-3Ј and 5Ј-gtcaagggcatatccaacaacaaac-3Ј for hypoxanthine-guanine phosphoribosyltransferase. The PCR products were analyzed with an Agilent 2100 Bioanalyzer or separated by agarose gel electrophoresis.
Results

Migration of PGCs Through Tissues of Embryos Occurs in SDF-1 ؊/؊
Mice. In the mouse embryos, PGCs are first seen in the root of the extraembryonic mesoderm at embryonic day 7.5 (E7.5), enter into the hindgut endoderm at E8, migrate through the mesentery of hindgut from E9.5 to E10.5, and colonize the genital ridges around E10.5. To examine the physiological role of a chemokine SDF-1 in the development of PGCs, we measured the numbers of PGCs along development in SDF-1 Ϫ/Ϫ embryos. Because PGCs have expression of tissue nonspecific alkaline phosphatase (25, 26) , alkaline phosphatase staining analysis was used to detect PGCs in whole-mount mouse embryos. This analysis revealed that the numbers of PGCs in the hindgut endoderm and mesentery were unaffected or slightly reduced in SDF-1 Ϫ/Ϫ embryos at E9.5 compared with control embryos, indicating that SDF-1 was not required for generation of PGCs, emigration of PGCs into the migration route, or directed migration of PGCs through tissues of embryos (Fig. 1) . Thereafter, PGCs emigrate into the genital ridges, and Ͼ40% of PGCs were found in genital ridges in control embryos at E10.5. However, only 14% of PGCs were observed in the genital ridges from SDF-1 Ϫ/Ϫ embryos (data not shown). The numbers of PGCs that remained in hindgut endoderm or mesentery were larger in the mutants compared with control embryos (Fig. 2 A  and B) . At E11.5, although almost all of PGCs were found in the genital ridges in control embryos, the numbers of PGCs in the genital ridges were reduced in SDF-1 Ϫ/Ϫ embryos, and a small population of PGCs was still located in hindgut endoderm or mesentery (Fig. 2 A) . Despite altered PGC distribution, ectopic PGCs located outside the migration route were not observed in SDF-1 Ϫ/Ϫ embryos at E9.5, E10.5, or E11.5. Consistent with this, the total numbers of PGCs within the migration route and genital ridges in SDF-1 Ϫ/Ϫ embryos were comparable to control embryos at E10.5 as well as E9.5 ( Figs. 1 and 2C) . Together, it is likely that PGCs migrate through tissues of embryos, but the migration was delayed in SDF-1 Ϫ/Ϫ embryos.
Colonization of the Gonads by PGCs
Is Impaired in SDF-1 ؊/؊ Mice. At E12.5, PGCs that remained in the mesentery of hindgut were not observed in both control and SDF-1 Ϫ/Ϫ embryos in the wholemount alkaline phosphatase staining analysis, suggesting that almost all PGCs colonized the gonads in these mice. Alkaline phosphatase staining analysis or immunohistochemistry with PGC-specific marker 4C9 (24) on paraffin sections revealed that the numbers of PGCs were significantly reduced in the gonads from SDF-1 Ϫ/Ϫ embryos compared with control embryos at E12.5 (data not shown; Fig. 2D ). Then, we analyzed the proliferation of PGCs in the gonads by BrdUrd labeling of whole embryos at E12.5. A small population of BrdUrd-labeled cells could be identified in both control and SDF-1 Ϫ/Ϫ embryos, suggesting that reduction in the numbers of PGCs in SDF-1 Ϫ/Ϫ embryos was not due to impaired proliferation of PGCs in the gonads (Fig. 2E) . After colonization of the gonads, PGCs actively proliferate, and the numbers of PGCs increase to a maximum at around E13.5 or E14.5 when the male PGCs enter mitotic arrest and the female PGCs enter meiosis. Immunohistochemistry with 4C9 on paraffin sections at E13.5 or E14.5 revealed that the numbers of PGCs in gonads from SDF-1 Ϫ/Ϫ embryos were significantly smaller than those in control embryos (Fig. 2 D and F) . However, the increase of PGCs within the gonads from E12.5 to E13.5 was similar in control and SDF-1 Ϫ/Ϫ embryos (male, 2.8-fold versus 2.3-fold; female, 1.9-fold versus 2.1-fold, respectively), suggesting that the reduction of PGCs in the SDF-1 Ϫ/Ϫ gonads was not due to the impaired expansion of PGCs in the gonads but was instead due to the impaired emigration of PGCs into the gonads (Fig. 2D ). PGCs aggregate with each other in the wild-type gonads, and these PGC aggregates were also observed in SDF-1 Ϫ/Ϫ gonads (Fig. 2F) . These defects in PGC development were observed when we analyzed the mice lacking CXCR4, a primary physiologic receptor for SDF-1 (data not shown). Whole-mount immunohistological analysis using PECAM-1, a cell-adhesion molecule expressed in endothelium, revealed that there was no significant difference in vasculature of E12.5 gonads between control and SDF-1 Ϫ/Ϫ embryos, suggesting that defects in PGC development were not due to the deficits in blood vessel formation in the gonads (data not shown).
Expression of SDF-1 or CXCR4 in the Developing Genital Ridge or PGCs.
Subsequently, we examined the expression of CXCR4 in PGCs. Two approaches with flow cytometry and RT-PCR were used. First, we analyzed the cell-surface expression of CXCR4 protein on live PGCs by using transgenic mice expressing GFP in PGCs under the control of the Oct-3͞4 gene regulatory sequences (Oct-3͞4 GFP transgenic mice; ref. 23) . Flow cytometric analysis revealed that all GFP ϩ PGCs expressed a high level of CXCR4 at E11.5, when PGCs migrated and entered the gonads (Fig. 3A) . In contrast, the expression of CXCR4 was down-regulated at E13.5, when PGCs were no longer motile (Fig. 3A) . Second, we sorted GFP ϩ PGCs from genital ridges in Oct-3͞4 GFP transgenic mice and performed RT-PCR with CXCR4-specific primers. Consistent with the data obtained by flow cytometry, we found the expression of CXCR4 mRNA in GFP ϩ PGC fractions at E11.5 and E13.5 (Fig. 3B) . We next examined the expression pattern of SDF-1 in the embryos by using mice in which GFP gene was knocked into the SDF-1 locus (SDF-1͞GFP knock-in mice). Expression of SDF-1 was observed in the root of the gonad and mesonephric tissue adjacent to the gonad at E12.5 (Fig. 3C) . These expression patterns of CXCR4 and SDF-1 suggest that SDF-1 acts directly on PGCs and regulates their emigration into the gonads through the neighboring tissues.
Discussion PGC development consists of several processes including initiation, survival, proliferation, migration, and homing of PGCs. First, because PGCs migrate through the tissues of embryos but the migration was delayed in SDF-1 Ϫ/Ϫ embryos, it is likely that SDF-1 is not required for directing PGCs through migration route; instead, it plays a role in promoting the migration of PGCs. Second, the results that the numbers of PGCs in the gonads were significantly reduced in SDF-1 Ϫ/Ϫ embryos but that their increase within the gonads was similar in control and SDF-1 Ϫ/Ϫ embryos from E12.5 to E13.5 suggest that SDF-1 is not involved in proliferation of PGCs within the gonads; instead, it plays a role in homing of PGCs into the gonads. Down-regulation of cell-surface expression of CXCR4 in E13.5 immotile PGCs compared with CXCR4 expression in E11.5 motile PGCs supports the idea. Further studies will be needed to determine the involvement of SDF-1 in emigration, proper attachment, and͞or survival of PGCs during the process of colonization. Furthermore, it is important to note that because the phenotype of SDF-1 Ϫ/Ϫ embryos in PGC development was not absolute, there might be partial compensation by other chemokines or cytokines. In SDF-1 Ϫ/Ϫ mice, homing of PGCs into genital ridges was impaired, but emigration of PGCs into the endoderm or mesentery of hindgut was not affected. This suggests that there may be parallels between SDF-1 functions in hematopoiesis and PGC development because the requirement for SDF-1 in myelopoiesis might be specific to the movement from fetal liver to bone marrow (11, (15) (16) (17) (18) . Cytokines including BMP-4, BMP-8b, and stem cell factor have been shown to be essential for PGC development. In addition, mice deficient for gp130, a component of receptor complexes for several cytokines including LIF and IL-6, have reduced numbers of PGCs in E11.5 or E12.5 gonads (27) . However, the roles for these cytokines in colonization of the gonads by PGCs remain elusive. Transforming growth factor-␤ has been shown to have a chemotactic effect on murine PGCs in vitro (28) , but little is known about the physiological roles of transforming growth factor-␤ in PGC mobilization. Thus, SDF-1 is the first cytokine that is involved in homing of PGCs into the gonads during ontogeny in the mouse. In addition, our results reveal that signaling through G protein-coupled receptors, as well as serine͞threonine kinase receptors and receptor tyrosine kinases, is required for PGC development in the mouse. Chemokines are known to activate integrin functions in hematopoietic cells (29) . Because it has been shown that ␤1 integrins are essential for PGCs to colonize the gonad efficiently (30) , ␤1 integrins are candidates for the target of SDF-1 functions in PGC development. More recently, it has been reported that most of the zebrafish PGCs are randomly scattered in the mutants in which expression of SDF-1 or CXCR4 is blocked, showing that SDF-1 is essential for directional migration of PGCs in zebrafish (31, 32). Because mechanisms of PGC development differ in different animals, it is interesting and important from an evolutionary standpoint to compare the role of SDF-1 between PGC development in fish and mammals. Our results indicate that SDF-1 is involved in mobilization of PGCs in mammals as well as fish. However, considering that PGCs do not lose directionality in their migration along the tissues of embryos in the SDF-1 Ϫ/Ϫ mice in contrast with the mutant fish, the requirement for SDF-1 in PGC development is likely to be more restricted to the emigration into the gonads in mammals. Further studies will be needed to identify the cytokines or chemokines that compensate the defects in SDF-1 Ϫ/Ϫ mice. This paper has provided an invaluable window into the molecular mechanisms that control PGC development.
